Abstract -In this paper, we propose a stochastic model to compute the optimal update boundary for the distance-based location update algorithm. The proposed model captures some of the real characteristics in the wireless cellular environment. The model can adapt to arbitrary cell topologies in which the number of neighboring base stations at different locations may vary. The cell residence time can follow general distributions which captures the fact that the mobile user may spend more time at certain locations than others. The model also incorporates the concept of a trip in which the mobile user may follow a particular path to a destination. For implementation, the decision of location update can be made by a simple table lookup. Numerical results indicate that the proposed model provides a more accurate update boundary in real environment than that derived from a hexagonal cell configuration with random walk movement pattern. The proposed model allows the network to maintain a better balance between the processing incurred due to location update and the radio bandwidth utilized for paging between call arrivals. I . INTRODUCTION In recent years, there has been a significant increase in the n u m b e r of P e r s o n a l C o m m u n i c a t i o n s S e r v i c e ( P C S ) subscribers around the world. One of the issues in mobility management is to track the location of the users [ I ] . Since mobile users are free to move within the coverage area, the network can only maintain the approximate location of each user. When a connection needs to be established to a particular user, the network has to determine the user's exact location within the cell granularity. The operation of the mobile terminal informing the network about its current location is known as location update, and the operation of the network determining the exact location of the mobile user is called terminal paging or searching.
I . INTRODUCTION In recent years, there has been a significant increase in the n u m b e r of P e r s o n a l C o m m u n i c a t i o n s S e r v i c e ( P C S )
subscribers around the world. One of the issues in mobility management is to track the location of the users [ I ] . Since mobile users are free to move within the coverage area, the network can only maintain the approximate location of each user. When a connection needs to be established to a particular user, the network has to determine the user's exact location within the cell granularity. The operation of the mobile terminal informing the network about its current location is known as location update, and the operation of the network determining the exact location of the mobile user is called terminal paging or searching.
Location update algorithms can be divided into two main groups: static and dynamic. In a static algorithm, location update is triggered based on the topology of the network. Examples include the conventional location area (LA) based scheme used in GSM systems. In a dynamic algorithm, location update is based on the user's call and mobility patterns. Examples include the distance-based, timer-based, and the movement-based schemes. In the distance-based scheme [2] [3], a mobile terminal transmits an update signal whenever its distance (in terms of the number of cells) exceeds a certain threshold. In the timer-based scheme 141, a mobile terminal updates its location periodically. In the movement-based scheme [SI, location update is performed when the number of boundary crossings between cells exceeds a certain value.
A number of novel location update algorithms have been In this paper, we focus on determining the update boundary for the distance-based scheme. Our goal is to develop an analytical model which can eliminate some of the unrealistic assumptions commonly used. We formulate the location tracking problem as a semi-Markov decision process
There is a cost function associated with location update and another cost function associated with terminal paging. The objective is to determine the optimal update boundary so as to minimize the expected total cost between call arrivals. Distinct features of our model include [ 121: I . The probability that the mobile user moves to a particular neighboring cell can depend on the location of the current cell or a list of cells recently visited. This movement pattern can incorporate the concept of a trip in which the user may choose a particular path to a destination. The structure of this paper is as follows: In Section 11, we introduce the notations and describe the model formulation.
In Section 111, we analyze the distance-based algorithm under a given cell residence time distribution and describe its implementation in arbitrary cell topology. Numerical results are presented in Section IV. Conclusions are given in Section V.
In this section, we describe how to formulate the location tracking problem as a semi-Markov decision process. A Markov decision process model consists of five elements: decision epochs, states, actions, transition probabilities, and costs. In our model, the decision epochs correspond to the time instants when the mobile terminal moves from one cell to another (i.e., crossing the cell boundary).
When the mobile terminal crosses the cell boundary, it has to decide whether to update its location or not. We let the action set A = (0, 11, where " I " represents the action of performing location update and "0" represents the null action of no intervention. The mobile terminal chooses the action based on its current state information. For the model formulation, we let the state s = (i, j ) , where i represents the identifier of the current cell that the mobile terminal is residing, and j represents the identifier of the cell in which the mobile terminal performed its last update.
Two cost functions are introduced to account for the network resources used for location update and terminal paging. The location update cost is assumed to be fixed and is denoted by C . It reflects the update processing incurred on the database. $\e paging cost function is given by h(i, j ) . The paging cost reflects the consumption of radio bandwidth utilized in determining the exact location of the mobile terminal. The paging cost is a function of the number of cells being paged and the number of search iterations performed. In this paper, we assume that the paging strategy follows the shortestdistance-first order. That is, when a paging event occurs, the search is conducted first at the user's last reported cell. If it is not found there, then the search is conducted in the next ring of cells in increasing distance order from the last reported cell, until the user is located. The maximum paging delay corresponds to the maximum number of search iterations allowed. At each search iteration, a set of cells are being paged simultaneously. This paging strategy has also been used in conjunction with other location update algorithms (e.g.
, [2][3][6]).
For a particular mobile user, different cell residence time distributions can be assigned to different cell locations. The average residence time in each cell can be different. This is 11. MODEL FORMULATION achieved by letting G ( r l i ) denote the cumulative distribution function of the cell residence time, given the identifier of the current cell is i . This captures the fact that a mobile user may spend more time at certain cell locations than the others. Different cell sizes (e.g., macrocell, microcell, picocell) can have different cell residence time distributions. Thus, the usual i.i.d. exponential cell residence time assumption can be relaxed. In this paper, we use G(dr1i) to represent the timedifferential. That is, G(dt1i) = d G ( t 1 i ) .
For the movement pattern in an arbitrary cell topology, we let P ( k l i ) denote the probability that the mobile user will move to neighboring cell k when it leaves cell i. This captures the correlations of the user movement between two neighboring cells. Note that correlations between the directions of successive moves of the mobile user can also be incorporated if the state includes a history of the cells visited. Thus, the model can incorporate the concept of a trip in which the mobile user may follow a particular path to a destination. In addition, the above formulation does not assume any particular cell configurations. Therefore, the proposed model can adapt to arbitrary cell topologies.
A Optimality Equations
Since the network must track the user's location perfectly during a call, the user's location is known to the network when a call terminates. Thus, the time interval requiring mobility tracking is between the termination of the last call and the arrival of the next one. The total cost for location update and paging is calculated within this time interval. Let v(i, j ) denote the minimum expected total cost between call arrivals given state (i, j ) . There are a number of definitions for the function norm 
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C Iinplerneiitation Considerations
Having identified the different parameters involved in the model, we are now in a position to explain the steps that need to be taken in order to implement the model. First of all, the network controller has to assign cost functions for location update and terminal paging. It a l s o has to maintain the mobility profile of each mobile user (i.e., its movement history and call history). Based on these information, the average residence time in each cell as well as the average call arrival rate can be estimated [ 131.
Given the input parameters (i.e., cost functions and various distributions), the value iteration algorithm can be used to calculate the optimal policy 6 (i, j ) . Based on the optimal policy, the optimal update boundary can be determined. The optimal update boundary is then stored in a database (e.g., location register). After each location update or a call termination, the mobile terminal needs to download the list of the update boundary cell identifiers that corresponds to its current location. Whenever the mobile terminal moves to another cell, it compares the new cell identifier with the list of the update boundary cell identifiers. Location update is performed if the new cell is one of those update boundary cells.
The optimal update boundary stored in the location register needs to be revised whenever there is a c h a n g e of the movement history, call history, or network topology (e.g., installation of new base stations). T h e calculation of the optimal update boundaries can be performed off-line, e.g., whenever spare processing capacity is available at the network controller.
IV. NUMERICAL RESULTS A N D DISCUSSIONS A Simulation Assumptions and Specifications
In our simulation environment, a graph model is used to represent the topology of a cellular network. In general, the interconnection of the cells can be modeled as a connected graph G = ( N , E ) , where the node set N represents the set of cell or base station identifiers and the edge set E represents the connectivity between two neighboring cells. For example, referring to Figure 1, the node set N = {a, 6, c , d , e, f , g } and the edge set E = { ( a , b), ( a , d), (b, c) , ..., (f, g)} .
In particular, we use a random graph model to represent the topology of a cellular network. The rationale behind using a random graph model is that: (1) the number of neighboring base stations for each base station can be different; and (2) only the nodes that are close together are connected. This models the connectivities of the neighboring base stations. The procedures of generating random graphs can be found in [ 141. In our model, we consider a coverage area that consists of 100 base stations with an average node degree of 6. An example of a random graph model is shown in Figure 2 .
Since the mobile user usually has a destination in mind, we model this behavior by choosing one particular node (or cell) in the random graph as the destination. Whenever the mobile user leaves the current cell, it moves to a neighboring cell which is closest to the destination. This captures the behavior of moving towards the destination. If the mobile user is staying within the destination cell, after a certain period of time it will move to one of the neighboring cells. This continues until the next call arrives. We now describe the procedures of comparing the distance thresholds determined from our model to those derived from a hexagonal cell configuration. The goal is to show that the proposed model gives a more accurate update boundary in real wireless cellular environments compared with that derived from a hexagonal cell configuration with random walk movement pattern.
Given the cost and mobility parameters, we first use a hexagonal cell configuration with symmetric random walk movement pattern to obtain the optimal distance threshold. This optimal distance threshold is then applied to the random graph model with Markovian movement pattern. The expected total cost of location update and paging between call arrivals is then determined. This cost is denoted as "Cost (hexagonal)". The term "hexagonal" is used to remind us that the optimal distance threshold is derived from the hexagonal cell configuration. We also use the random graph model with the above movement pattern to determine the minimum expected total cost by solving the optimality equations. This cost is denoted as "Cost (optimal)". The term "optimal" is used to remind us that the update boundary corresponds to the optimal policy. The performance gain is the cost ratio which is defined as Cost (hexagonal) / Cost (optimal).
Unless stated otherwise, the parameters that we use in the following subsections are: call arrival rate h = 0.01 per minute, the location update cost C,, = 10, and the paging cost per cell C, = 1. We assume that the cell residence time follows an i.i.d. Gamma distribution with average tiRe l/p.
For the value iteration algorithm, we choose E = 10-.
B Results
Figures 4 (a) and (b) show the cost ratio versus the call arrival rate h and the location update cost C , , under different cell crossing rate p (per minute). Note that the inverse (or reciprocal) of the average cell residence time is the cell crossing rate. From these figures, we observe that the cost ratio increases when p increases or h decreases. And it approaches unity when h or C , , are large. In Figure 3 (a), when the average time between call arrivals is large (i.e., h is small), the optimal update boundary obtained from our model gives a lower cost than the distance threshold derived from the hexagonal model. However, when the average time between call arrivals is small (i.e., h is large), the mobile user does not travel much before a call arrives. Thus, the distance thresholds derive from both methods give the same performance. In Figure 3 (b), the variation of the cost ratio with respect to C,, is due to the changes of the optimal update boundary or distance threshold for different update cost values. When C,, is large, there is no incentive to perform location update. The expected total cost only consists of the paging cost. Thus, the cost ratio approaches unity.
These results imply that in real wireless cellular networks environments where the cell topology is not structured and the user movement pattern is not random, our model can provide a more accurate update boundary than that derived from a hexagonal cell configuration with random walk movement pattern. And by using a more accurate update boundary, the network can maintain a better balance between the processing incurred due to location update and the radio bandwidth utilized for paging between call arrivals.
C Sensitivity Analysis
In order to determine the minimum expected total cost and the update boundary, the optimal policy needs to be calculated. The optimal policy is a function of h , p , and other cost parameters. Although the cost parameters can be determined by the network, the values of h and p may not always be estimated correctly. If that is the case, the policy may not indeed be optimal. We are interested in determining the percentage change of the expected total cost to the variation of the average time between call arrivals and the average cell residence time. The procedures for the sensitivity analysis consist of the following steps: Given the actual call arrival rate h and other cost and mobility parameters, we first determine the minimum expected total cost, denoted as Cost (optimal). Let h denote the estimated call arrival rate and Ah denote the percentage change of the average time between call arrivals. Based on the estimated call arrival rate and other parameters, the sub-optimal policy is determined. From this suboptimal policy and other cost and mobility parameters (i.e., h , p , etc), the sub-optimal expected total cost, denoted as Cost (sub-optimal), is computed. The change of the expected total cost with respect to the variation of the average time between call arrivals is characterized by the cost ratio, which is defined as: Cost (sub-optimal) / Cost (optimal).
We also use the similar procedures describe above to investigate the change of the expected cost to the variation of the average cell residence time. shows the cost ratio versus AM under different cell crossing rate p . From these figures, we observe that the cost ratio is more sensitive to the under-estimation of both h and p . If the target cost ratio has to be less than 1.05 (i.e., 5% difference between the optimal and sub-optimal cost), then Ah has to be greater than -50% and A has to be greater than -60%.
These results imply that if tiere is uncertainty in estimating h or F , it may be better to over-estimate the values in order to reduce the cost ratio difference.
IV. CONCLUSIONS In this paper, we proposed a stochastic model to analyze the distance-based location update algorithm. Numerical results indicate that the proposed model gives a more accurate update boundary in real wireless cellular environment than that derived from a hexagonal cell configuration with random walk movement pattern. And by using a more accurate location update boundary, the network can maintain a better balance between the processing incurred due to location update and the radio bandwidth utilized for paging between call arrivals. Results from the sensitivity analysis show that if there is uncertainty in estimating the call arrival rate or cell residence time, it may be better to over-estimate the values in order to reduce the cost ratio difference.
